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Abstract

We present a simple experimental apparatus, a time-of-flight mass spectrometer (TOFMS) and a photoelectron spectro-
meter (PES), for studying the ionization of molecules induced by intense femtosecond laser fields. Both the angular and
the kinetic energy distributions of the ions and the photoelectrons can be precisely measured. As an example, the dynamics
data for CS2 were measured using the spectrometer, and the results revealed that field-induced ionization played the main
contribution for CS2 in an intense femtosecond laser field. (Int J Mass Spectrom 216 (2002) 249–255) © 2002 Published by
Elsevier Science B.V.
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1. Introduction

Femtosecond laser mass spectra (FLMS) can lead
to enhanced parent molecular signals in compari-
son to nanosecond laser excitation which indicates
that FLMS has considerable potential applications in
chemical analysis [1]. Therefore, the ionization of
molecules in an intense femtosecond laser field has
attracted particular attention in recent years [1–12].
Most of the reports describe a time-of-flight mass
spectrometer (TOFMS) coupled with a femtosecond
laser amplifier for recording of the mass spectra of
the ions produced by the intense femtosecond laser
pulses at different intensities. They also present the
dependence of the ion intensity on the laser pulse
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intensity. However, the relationship between the ion
and the laser intensity cannot provide enough dy-
namical information for determining of the precise
ionization mechanism of the molecules in an in-
tense laser field, especially when the laser intensity
is 1013–1015 W/cm2. For example, Ledingham and
coworkers [6,7] found that the dependence of the ion
intensity on the laser intensity could be described by
multiphoton ionization equations when they studied
the ionization of NO2 interacting with intense fem-
tosecond laser pulses. Talebpour et al. [11] reported
that multiphoton ionization of inner-valence electrons
was able to satisfactorily predict the laser intensity
dependence of the ion intensity when they studied
the interaction mechanism of intense femtosecond
laser pulses with ethylene. Wu et al. [12] reported
that field ionization mechanism could also predict

1387-3806/02/$ – see front matter © 2002 Published by Elsevier Science B.V.
PII S1387-3806(02)00639-5



250 C. Wu et al. / International Journal of Mass Spectrometry 216 (2002) 249–255

the laser dependence of the ion intensity well when
they studied the ionization of aliphatic ketones in
intense laser field. From the above discussions, we
know that more data are needed to determine the ion-
ization mechanism of molecules in an intense laser
field.

In addition to the TOFMS, the PES is another useful
tool to elucidate the ionization process of molecules in
an intense laser field because the photoelectron spectra
contain much dynamical information about the ion-
ization processes [3,13,14]. For example, a broad dis-
tribution extending above the laser’s ponderomotive
potential was observed in the field ionization regime
[13]. While in the multiphoton ionization regime, a
series of discrete peaks originated from above thresh-
old ionization was observed [14]. However, the study
of the photoelectron produced by the interaction of
molecules with intense laser field is scarce. The study
of both the ions and the photoelectrons under the sim-
ilar laser condition is even scarce.

In this article, we present simple TOFMS and PES
to study the ionization of molecules in an intense laser
field. The simultaneously obtained dynamics data for
both the ions and the photoelectrons are proven to be
helpful for investigating the ionization mechanism of
molecules in intense laser field.

Fig. 1. Schematic diagram of the experimental apparatus. It mainly contains a CPA laser, a home-built TOFMS, and a PES.

2. Experimental apparatus

2.1. Time-of-flight mass spectrometer and
photoelectron spectrometer (TOFMS–PES)

The schematic diagram of the TOFMS and PES
is shown in Fig. 1. The field-free drift region has a
length of 35 cm and the inner wall of the entire vacuum
chamber is wrapped up with�-metal to shield the
external magnetic fields. The spectrometer is designed
to measure the laser induced photoelectron and mass
spectra of molecules in the field ionization regime.

The photoelectron spectra in the field ionization
regime have been well described by a two-step model
[15–18]. Firstly, the electrons are ejected through tun-
neling to near-zero kinetic energy states. Secondly, the
still-present strong electric field forces the photoelec-
tron to oscillate along the laser polarization vector.
Thus, the momentums of the photoelectrons mainly
distribute along the laser polarization vector. There-
fore, when the laser polarization vector is parallel to
the direction of the detector, using the above stated
conventional linear mass spectrometer based on the
Wiely–McLaren configuration, we can collect the pho-
toelectron with high efficiency without applying any
magnetic or electric field to guide the photoelectrons
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to the detector. While in the multiphoton ionization
regime, the photoelectron is emitted from all direc-
tions. In order to increase the electron collection ef-
ficiency, an inhomogeneous magnetic field parallel to
the flight axis is required to guide mostly all photo-
electrons to the detector [19–22].

When the mass spectra are measured, proper posi-
tive voltagesU1 andU2 are chosen to meet the require-
ment of the first spatial focus to pursue the high mass
resolution. The optimum mass resolution can reach
116 atm/z = 58. When the photoelectrons are col-
lected, bothU1 andU2 are set to 0. Thus, the photo-
electron could fly free to the field-free drift tube. The
kinetic energy distribution of the photoelectrons can
be calculated through the time that is necessary for the
electron to reach the detector. Rotating the laser po-
larization vector and detecting the ion and the photo-
electron intensity at different laser polarization angle,
we can measure the angular distribution of the ions
and the photoelectrons.

A dual MCP is used to detect these charged parti-
cles. The voltage between the first MCP surface and
the ground is set to 300 V to decelerate the ions and
accelerate the photoelectrons. Thus, the kinetic energy
of the charged particles is near 400 eV before strik-
ing the MCP surface. At this kinetic energy range,
MCP has the maximum amplified efficiency for these
charged particles.

Gaseous samples are introduced into the cham-
ber via a pulsed valve (Parker Inc., USA). The base
pressure is about 2× 10−5 Pa that is pumped by a
turbo molecular pump (600 L/s). The chamber pres-
sure is maintained between 2× 10−4 and 8× 10−4 Pa
when gaseous molecules are introduced. The signal is
recorded using a 500 MHz digital oscilloscope (H.P.
Inc., USA) and then transferred to a PC for storage
and analysis.

In general, we can obtain the angular and the kinetic
energy distributions for both ions and photoelectrons
with this simple experimental apparatus. The appa-
ratus is characterized by at least two advantageous
features. The first one is that the operation is very sim-
ple. We only change the voltages ofU1 andU2 when
we measure the mass and the photoelectron spectra.

The second one is that the angular distributions of the
ions and photoelectrons are not distorted. There are
no electrostatic and magnetic fields in the ionization
zone when we measure the angular distribution of
these charged particles.

2.2. Femtosecond laser system

A Ti:Sapphire chirped pulse amplifier (CPA) system
(TSA-10, Spectra-Physics Inc., USA) delivers laser
pulses with wavelength of 810 nm, pulse duration of
110 fs at a repetition rate of 10 Hz. The maximum
pulse energy is 10 mJ. The amplified laser beam is
focused into the chamber of a TOF spectrometer by a
lens with focus-length of 150 mm. A half-wave plate is
used to rotate the laser linear polarization vector and a
quarter-wave plate to produce circular polarized laser.

3. Applications

The validity of the above TOFMS–PES apparatus
was tested by the study of the ionization of CS2 in an
intense femtosecond laser field.

3.1. Ion spectroscopy

Fig. 2 shows the TOF mass spectra of CS2 pro-
duced by 810 nm, 110 fs laser pulse at intensity of
2 × 1015 W/cm2. The laser polarization is horizontal
in the upper trace and vertical in the middle trace
and circular in the lower trace. It was noted that the
intact molecular ions CS2+ and CS22+ had similar
intensity and shape in the mass spectra for both ver-
tical and horizontal polarized laser pulses. In addition
to the above intact molecular ions, some singly and
highly charged atomic ions Sm+ (m = 1–5) and Cn+

(n = 1–3) were also generated and split into double
peaks, which manifested that these atomic ions were
produced through Coulomb explosion of the highly
charged molecular ions [23,24]. Moreover, only Sm+

(m = 1–5) and weak C+ were present and C2+ and
C3+ were almost entirely missing in the horizon-
tal polarization mass spectra. While in the vertical
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Fig. 2. TOF mass spectra of CS2 induced by 810 nm, 110 fs laser pulses at intensity of 2×1015 W/cm2. The laser polarization is horizontal
in the upper trace, vertical in the middle trace, and circular in the lower trace.

polarization mass spectra, only Cn+ (n = 1–3) and S+

were present and Sm+ (m = 2–5) were almost entirely
missing. The facts indicated that the highly charged
molecular ions are aligned by the intense laser field
prior to explosions. Moreover, the momentums are
distributed mainly along the laser polarization vector
for Sm+ and vertical to the laser polarization vector for
Cn+.

It was also obvious from Fig. 2 that the suppression
of ionization occurred for circular polarized laser. This
fact agreed with the result predicted by field ionization
models [3,12,25]. According to these field ionization
models of molecules, the field ionization probability
is the tunneling efficiency of the electron through the
barrier formed by the molecular potential and the in-
stantaneous electric field of the laser. The key factor
of field ionization is that the barrier must remain static
for long enough to allow the electron to penetrate the
barrier. For circular polarized laser, the laser electric
field vector is circumrotating. Thus, the electrons do
not have enough time to penetrate the barrier before

the laser electric vector changes. Therefore, the ion-
ization probability is smaller for the circular polarized
laser compared with the linear polarized laser at the
same laser intensity.

By measuring the differences in the TOF of the split
peaks in the mass spectra, we can obtain the kinetic en-
ergy of these ions. The following equation determines
the kinetic energy of the ions with splitting peaks [26]:

EKinetic energy= (U1 − U2)
2

8md2
q2
t2 (1)

wherem is the mass of the ion,U1 is the potential of
the repeller plate,U2 is that for the first acceleration
plate,d is the distance between these plates,q is the
charge of the ion, and
t is the difference in the arrival
times between the forward and backward ejected ions.
The experimental measured kinetic energies for Sm+

(m = 1–5) and Cn+ (n = 1–3) at laser intensity of
2× 1015 W/cm2 were listed in Table 1. It can be seen
that the kinetic energies for the ions are very large,
which reaches several tens electron volts.
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Table 1
Measured kinetic energies and FWHMs of the angular distributions
for Sm+ (m = 1–5) and Cn+ (n = 1–3) at intensity of 2×
1015 W/cm2

Atomic ions Kinetic energy (eV) FWHM (◦)

C+ 4.3 64.8
C2+ 11.6 51.7
C3+ 15.1 43.1
S+ 4.0 56.1
S2+ 18.2 52.2
S3+ 39.6 43.7
S4+ 65.6 39.7
S5+ 91.3 32.4

By rotating the half-wave plate, we can change the
linear polarization vector of the laser beam, which cor-
responds to detecting the charged particles from dif-
ferent directions relative to the laser polarization vec-
tor because the detector is fixed. Thus, we obtained
the angular distribution of the ions through measur-
ing the ions’ intensities at different laser polarization
angles. In order to avoid the distortion by the extract-
ing electric field in the ionization zone, we applied no
electric field in the ionization zone when we measured
the angular distribution of the ions. It would be in-
teresting to know the angular distribution of the ions
with no electric field applied to the ionization zone.
The molecular ions CS2+ and CS22+ exhibited strong
isotropic angular distributions. While the atomic ions
Sm+ (m = 1–5) and Cn+ (n = 1–3) show highly
anisotropic angular distributions. Sm+ has the maxi-
mum intensities along the laser polarization and Cn+

has the maximum intensities vertical to the laser po-
larization. The angular distribution for both the molec-
ular and the atomic ions were consistent with that re-
ported by other groups [23,27,28]. We also measured
the full width at half maximum (FWHM) for Sm+

(m = 1–5) and Cn+ (n = 1–3), which were listed in
Table 1. It is obvious that the FWHM of the angular
distribution for Sm+ and Cn+ become narrower as a
function of charge state. The result agreed with that
reported by Couris who measured the angular distri-
bution of CS2 under the condition of zero-field in the
ionization zone [27]. However, Glasgow group [23]
reported that the measured FWHM values were equal

for all sulfur ions. The conflict between the results of
Glasgow group and our group and Couris’ group may
be due to the extracted field in the ionization zone that
distorted the angular distributions of the ions.

3.2. Photoelectron spectroscopy

The photoelectron spectrum for CS2 is shown in
Fig. 3 after excitation by 810 nm, 110 fs laser pulse at
a laser intensity of 2× 1015 W/cm2. It is obvious that
there are no discernible features other than a broad
distribution. The photoelectron kinetic energy distri-
bution extends to several tens of eV. From the above
discussion in Section 2, we know that the photoelec-
trons were produced through two steps according to
the two-step model [15–18]. Firstly, the electrons were
ionized through tunneling to near-zero kinetic energy
states. Secondly, the still-present strong electric field
forces the photoelectron to oscillate along the laser
polarization vector and the photoelectron obtains a
certain kinetic energy. Because the tunneling time of
electron through the barrier formed by the molecu-
lar potential and the instantaneous electric field of the
laser can not be precisely determined, the kinetic en-
ergy of the photoelectron in the laser electric field is
indeterminate, which agreed with our measured pho-
toelectron spectrum that exhibited a featureless broad
distribution. The average kinetic energy of an electron
in the laser field is determined by the ponderomotive
potentialUP [26], which is given by:

UP = e2ε2

4mω2
= 9.33× 10−14Iλ2 (2)

where ε is the electric field strength,I (W/cm2) is
the laser intensity, andλ (�m) is the wavelength.
The ponderomotive potential can reach tens of eV at
2 × 1015 W/cm2, which qualitatively agreed with our
experimental measured result.

Fig. 4 shows the angular distribution of the photo-
electron at a laser intensity of 2× 1015 W/cm2. It is
markedly anisotropic, peaking along the laser polar-
ization. This fact is also consistent with predictions of
the field ionization mechanism. According to two-step
field ionization model [15–18], the photoelectron
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Fig. 3. The photoelectron kinetic energy spectrum of CS2 induced by 810 nm, 110 fs laser pulses at laser intensity of 2× 1015 W/cm2.
The kinetic energy of the photoelectron exhibits a featureless broad distribution extending above the laser’s ponderomotive potential.

Fig. 4. Angular distributions for the photoelectrons at laser intensity of 2× 1015 W/cm2. It is obvious that the angular distribution of the
photoelectron is markedly anisotropic and mainly distributed along the laser polarization vector.
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obtained the momentum during the vibration pro-
cesses forced by the laser electric field. Therefore, the
photoelectron momentum is distributed mainly along
the laser polarization vector.

4. Conclusion

Using a home-made TOFMS and PES, we ob-
tained both the mass and the photoelectron spectra
of molecules in field ionization regime. The kinetic
energy distributions for both the ions and the pho-
toelectrons were determined from the mass and the
photoelectron spectra, respectively. Combined with
the rotation of the polarization of a linear polarized
laser, we determined precisely the angular distribution
of the ions and the photoelectrons. These dynamics
data agreed excellently with the predictions of the
field ionization mechanism. This fact indicates that
our home-designed simple TOF spectrometer is a
powerful tool for investigation of the laser–molecule
interaction in field ionization regime.
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